Abstract: This work presents a K band two stage compact CMOS low noise amplifier (LNA) with closely placed two load inductors without guard rings. Unwanted proximate magnetic coupling between load inductors is carefully analyzed and affirmatively used to enhance the gain without impairing the stability. The fabricated compact LNA has a measured peak gain of 15.42 dB at 24 GHz, with the size of 650 µm × 550 µm, and consumes 10.8 mW from 1.2 V supply.
Introduction
Recently, CMOS technology is widely used for millimeter wave (mm-wave) applications such as high data-rate communications and radar sensors [1, 2, 3] . However, due to the limited available gain at mm-wave range, the LNAs are usually composed of multiple stages with several inductor loads to achieve high gain [1, 2, 3, 4, 5, 6] . In addition, peaking inductors [4, 7] or transformers [2, 7, 8, 9] were introduced to boost the gain. Though inductors are essential components, they require large area. Moreover, to avoid the unintentional magnetic coupling, sufficient guard spacing should be preserved. Since the array system composed of multiple receivers is popular in mm-wave system, small form factor of each receiver is essential.
This work presents a K band two stage compact LNA design by closely placing adjacent two load inductors without guard rings. Reducing guard area results in noticeable chip size reduction, but may be hazardous because unwanted magnetic coupling impairs the stability. This work analyzes the effect of proximate magnetic coupling and shows that the coupling can be utilized to boost the gain without any additional feedback elements. The compact LNA is designed based on the analysis and achieves the chip size reduction and gain enhancement simultaneously.
Section 2 describes the effect of the proximate magnetic coupling on the gain and simulation and experiment results of the designed LNA are given in Section 3. Finally, Section 4 concludes this work.
Compact LNA design and gain analysis
This work reduces the LNA chip size by placing two load inductors closely without guard rings. However, reducing guard space may cause adverse effects on gain and stability due to proximate magnetic coupling between adjacent inductors. Therefore, it is essential to examine how closely two inductors can be placed without harmful effects on the gain and stability. The magnetic coupling coefficient k between two inductors can be determined by geometric arrangement and estimated by electromagnetic (EM) simulation as shown in Fig. 1 where dimensions of inductors are used in real design in Section 3. It is important to accurately incorporate the feeding lines in simulation because large portion of the coupling is obtained between the feeding lines.
A simple analysis is carried out to examine the effects of magnetic coupling on the gain of the LNA. Fig. 2 shows a simplified small-signal equivalent circuit of the two-stage tuned amplifier with two parallel R-L-C loads. The g m1 and g m2 are the transconductances of two stages.
The gain of the equivalent circuit is derived assuming that the magnetic coupling is weak enough to ignore the forward coupling compared to the signal amplification by g m2 . Therefore, only the feedback through the mutual inductance
is considered. Then, by inspection, the following node equations are obtained.
Simultaneously solving from Eq. (1) to Eq. (3), the overall voltage gain A v can be determined and given by
where
are resonant frequencies and quality factors of two tuned loads, respectively. Without the coupling, the maximum gain A v, max ð¼ g m1 g m2 R 1 R 2 Þ is obtained when ! 1 and ! 2 are identical. When ! 1 and ! 2 are different, A v is maximized between these two frequencies, but it is smaller than A v, max . The resonant frequency ! res of the overall gain A v nulling the imaginary part of the denominator of Eq. (4) is given by Eq. (5), which takes into account the feedback. The resonant frequency ! res increases as k does. When ! res is in-between ! 1 and ! 2 for small k, numerical calculation shows that the gain A v with the feedback is higher than the gain without the feedback. Noticeable effect of the feedback is observed when ! res is higher than ! 1 and ! 2 . In this case, the real part of the denominator of Eq. (4) becomes less than 1 at ! res , which means the gain can be larger than A v, max . ! res ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
Without loss of generality due to symmetry in Eq. (5), when ! 2 is higher than ! 1 , the coupling condition for ! res to be larger than ! 2 is given by
Especially, when two resonant frequencies ! 1 and ! 2 are identical, gain enhancement can be obtained for any coupling values. But, for the stable gain, the real part of the denominator of Eq. (4) must be positive at ! res , which determines the maximum coupling coefficient k max . Though derivation of k max is straightforward, the result is too lengthy and of no physical intuition. Instead, it is better to check the stability numerically by increasing the value of k. Then, the proximate magnetic coupling gives the gain enhancement at increased operating frequency with the benefit of chip size reduction.
To confirm the results of the analysis, schematic simulation is carried out using 130 nm CMOS technology as in Fig. 3 . The first stage adopts the common source (CS) configuration to improve the noise figure (NF) and the second stage uses cascode structure. The inductors L s and L g are used for input matching. The inductors L 1 and L 2 are used for impedance matching for inter-stage and output stage. Even though the circuit topology of two inductors L 1 and L 2 are different from those of the tuned amplifier in Fig. 2 , equivalence can be obtained after series to parallel transformation [10] . Since L g is perpendicularly placed to L 1 , the magnetic coupling between these two inductors can be ignored. The simulation results of the LNA in Fig. 3 with different k values are shown in Fig. 4 . We choose the first resonant frequency ! 1 around 20 GHz and the second resonant frequency ! 2 slightly below 24 GHz. As k increases, the operating frequency shifts to higher frequency and the gain increases as expected. When k changes from 0.04 to 0.1, 1.7 dB gain enhancement and 0.7 GHz frequency shift are observed. The change of the stability factor of the LNA is shown in Fig. 4(b) . With the increase of k, the stability gets worse. Therefore, a transformer cannot replace two inductor loads for this approach because of its large coupling coefficient. Deliberate EM simulation is required for maximum gain boosting in the stable region. In this work, k ¼ 0:07 is chosen for stable operation with high gain. 
Experiment results
Fig . 5 shows the fabricated LNAs designed using 130 nm RF CMOS process, which are completely same design except the horizontal interconnection line in the inter-stage due to guard rings. The chip size of the proposed LNA was reduced by about 30%. The compact LNA has a peak gain of 15.42 dB at 24 GHz and consumes 10.8 mW power from 1.2 V supply as shown in Fig. 6 . The gain of the LNA with inductor guard rings is also measured and shown in Fig. 6(b) . Compared to the LNA without coupling, the compact LNA shows 3.3 dB higher gain. The measured NF is 5.4 dB at 24 GHz as shown in the Fig. 6(b) . Table I summarizes and compares the performance of the proposed LNA with published K band LNAs. 
Conclusions
We have presented a K band two stage compact CMOS LNA with reduced inductor guard space. It is theoretically and experimentally confirmed that the proximate magnetic coupling between adjacent load inductors can be utilized to enhance the gain at higher frequencies with the benefit of chip size reduction. A simple gain analysis well explains the enhancement of the gain and the operating frequency shift. 
